While the use of machine learning methods in clinical decision support has great potential for improving patient care, acquiring standardized, complete, and sufficient training data presents a major challenge for methods relying exclusively on machine learning techniques. Domain experts possess knowledge that can address these challenges and guide model development. We present Advice-Based-Learning (ABLe), a framework for incorporating expert clinical knowledge into machine learning models, and show results for an example task: estimating the probability of malignancy following a non-definitive breast core needle biopsy. By applying ABLe to this task, we demonstrate a statistically significant improvement in specificity (24.0% with p=0.004) without missing a single malignancy.
Introduction
Collaborations between medical domain experts (MDE) and computer science experts (CSE) often involve the use of machine learning to develop predictive models aimed at improving patient care. Unfortunately, standardized, complete, and sufficient training data for machine-learning algorithms is rarely available for a variety of reasons including variability of practice between physicians as well as institutions, low disease prevalence on a population level, and confidentiality issues. The difficulty inherent in collecting large, high quality datasets represents a major challenge in the development of machine learned models for decision support. One of the solutions to this challenge is to incorporate the clinical experience and intuition of MDEs, that may help compensate for a lack of large training datasets. In fact, some successful cases of integrating expert knowledge with predictive and analytical models are available in the literature. 3, 4 As it is nearly impossible for MDEs, who are not programmers, to contribute their expertise directly to the software, we argue that there is a need for a framework that improves close collaboration between MDEs and CSEs to provide a method for shared dialog. Rather than solely providing training through a set of examples, it would be much more valuable if the MDEs could (a) explain what the machine learner is doing wrong and (b) explain how to fix the current problem in a manner that will generalize to similar future cases. This dialog is the basic idea motivating our development of Advice-Based-Learning (ABLe). In ABLe, MDEs provide advice, and the learning algorithm is able to decide how best to absorb it, possibly rejecting the advice or refining it based on the available data. Based on continual observation of model performance, the MDEs can provide additional advice.
The ABLe Framework
Our ABLe framework ( Figure 1 ) includes: (1) definitions and (2) iterative steps.
The definitions are:

Task
The problem and scope with quantification of appropriate predictive variables. Variable Relationships Combinations of variables that are particularly important for the task.
Parameter Values
Algorithm settings or parameters that best represent the clinical objective.
In the process of developing a decision support system, definitions will be unique to the clinical goal. Modeling techniques should be chosen based on both the data and the task, but this framework can provide a way by which the MDEs and CSEs can interact.
Regarding the iterative steps, we follow a similar process to Gibert et al. 3 In Steps 1 through 3, the MDEs and CSEs interact to establish an initial model. In Step 1, the MDEs (physicians in our example) define a task to address, provide the data, determine what variables will be used from the data available, and determine what is the desired outcome. Any machine learning technique, which is supervised, 2 i.e., can be evaluated against a gold standard (or ground-truth), needs the definition of the variable(s) corresponding to the outcome as determined in the task definition. At this point, the CSEs are involved in picking an appropriate algorithm, and defining an appropriate formal language to represent tasks and variables, which is used to interface with the MDEs.
In
Step 2, the physicians and computer scientists interact to produce an initial set of variable relationships and value specifications. The variable relationships correspond with clinician intuition about predicting the chosen task based on relevant knowledge (e.g. the literature) and available data. This advice is encoded in a way that allows it to be incorporated directly into the chosen algorithm. There are multiple ways for prior knowledge to be incorporated into learning algorithms, 2 e.g., using expert-constructed network structures for graphical models 1 . The value specifications correspond to proper selection of algorithm parameters and other experimental settings in order to obtain clinical significance. For example, the physicians can help the computer scientists specify costs of misclassification or a weighting scheme for importance of examples. Finally, in Step 3 the initial model is trained and produces results on an unseen set of data.
Steps 1.x through 3.x show the iterative refinement process that occurs after initial model production. In Step 1.x, the MDEs consider the results produced by the model. Another interaction between MDEs and CSEs takes place, and previous definitions of the task, variable relationships, or value specifications are then modified in Step 2.x. For example, if the current task definition proves to be too challenging, the MDEs can redefine the task in the most fruitful direction. Similarly, the MDEs can modify, remove, or provide additional variable relationships or value specifications. Finally, in Step 3.x, a new model is trained and produces results on unseen data, which again leads to Step 1.x+1. This process continues until the MDEs are satisfied with the results produced by the model learned.
To illustrate this framework, we use it on an example task, predicting undiagnosed malignancy in the setting of a benign but non-definitive image-guided breast core biopsy. In the next two sections, we introduce the task and explain how we used ABLe to achieve our best performance. Although we give a specific example, the same framework would work for a wide range of medical tasks.
Task Prediction
When a patient presents with a suspicious breast lesion, a diagnostic mammogram and possibly ultrasound are performed to further define the abnormality. If the finding remains suspicious, a core needle biopsy (CNB) is often recommended. In this procedure, a needle is inserted into the breast under imaging guidance to remove small samples ("cores") of the targeted breast abnormality. Subsequently a correlation between the histology results and the imaging features (Radiologic-Histologic correlation) is performed to ensure adequate sampling of these lesions and avoid cancers being missed. 5 The majority of breast biopsies will yield definitive results. 6 However, in 5% to 15% of cases, the results are non-definitive, 5 and surgical excisional biopsy is recommended to determine the final pathology and rule out the presence of malignancy. If a malignancy is subsequently confirmed, the case is "upgraded" from non-definitive to malignant (approximately 10-20%). In the US, women over the age of 20 have an annual breast biopsy utilization rate of 62.6 per 10,000, translating to over 700,000 women undergoing breast core biopsy in 2010. 7 Knowing this, approximately 35,000 to 105,000 of these women likely underwent excision, an additional and more invasive procedure. Ultimately, a majority of these women receive a benign diagnosis.
Typical practice holds that all non-definitive cases should go on to excision for the benefit of the truly malignant cases. In the mid-1990s, the American College of Radiology developed the mammography lexicon, Breast Imaging Reporting and Data System (BI-RADS), to standardize mammogram feature distinctions and the terminology used to describe them, 8 and studies show that BI-RADS descriptors are predictive of malignancy, 9 specific histology, 10 and prognostic significance. 11 Given that 1) a complex combination of variables predict upgrade, 2) reliable data including accurate outcomes via cancer registries are available, and 3) accurate prediction of upgrade would substantially improve management makes this domain ripe for decision support that would have a substantial impact on patient care.
Perhaps the greatest challenge in this particular task is the relative rarity of the event. Though the number of women affected by non-definitive CNB across the US is substantial, the availability of data to any particular institution is relatively limited, thus making the development of decision support systems more difficult.
As such, the clinical objective, as determined by our medical experts, is to identify when a breast core biopsy may not accurately reflect existing breast disease and further investigation (with re-biopsy or surgical excision) will reveal malignancy, also called an "upgrade". We refer to this as the "upgrade" prediction task.
Application of ABLe to Upgrade Prediction
In our first meeting to establish a model, the MDEs defined the task (Step 1.0) as predicting upgrade using a dataset of 157 biopsies that were prospectively given a non-definitive diagnosis at radiologic-histologic correlation conference. To incorporate physician advice about relationships between variables (Step 2.0), we opted to use a logic-based language. Our variables consist of imaging findings, demographic information, and some pathology findings. Physicians and computer scientists hand-coded expert rules expressing combinations of variables that increase or decrease risk of upgrade according to physician experience and the literature. For example, the MDEs expressed that if the imaging abnormality presents a spiculated mass margin, or an irregular mass shape, or high mass density, or is increasing (e.g. increasing mass size, or number of calcifications), then the risk of upgrade increases. To incorporate the rules into the model, we took a similar approach to Dutra et al., 12 treating them as binary features in our dataset. We chose to use the Naïve Bayes algorithm and valued false negatives equally to false positives (Step 2.0). We chose Naïve Bayes for its simplicity, making our modeling methods more approachable to non-experts, and for its history of good performance, despite strong independence assumptions 13 .
The initial model (Step 3.0) demonstrated no substantial ability to identify benign non-definitive cases without misclassifying malignant cases. Our MDEs considered the results produced by this initial model (Step 1.1) and formed a hypothesis about what the primary challenge was. Specifically, they surmised that the non-definitive population as a whole was too challenging to be addressable with the predictive features available in a typical clinical dataset, and that targeting a subpopulation would be most fruitful.
Non-definitive biopsies can be broken into three subtypes (discordant, insufficient, and atypical/radial scar), and each subtype has distinct features that are likely to predict upgrade. Discordance means that the histologic findings do not provide an acceptable explanation for the imaging features and indicates that the targeted tissue may not have been sampled adequately. In this situation, the imaging features are likely to provide the most influential variables in predicting upgrade. The other two subtypes focus more on the histologic factors (cellular features) that raise the possibility that abnormal tissue remains in the region of the biopsy, in which case, pathology features should be more influential in predicting upgrade. The dataset available to us for the task contained a limited set of pathology features, but we use structured reporting in our imaging practice and adhere to the BI-RADS lexicon, so our experts identified an opportunity to employ machine learning methods that capitalize on the imaging features. Thus, we chose to alter the task (Step 2.1) and focus on estimating the probability of malignancy for discordant cases specifically. Due to the alteration of the task, our physician experts also reduced the initial set of variable relationship rules (Step 2.1) to a set of four variables specifically related to predicting discordance. This also led us to begin collecting a larger set of features in our medical practice for the sake of future work on the other subpopulations. We again tested the model with cross-validation (Step 3.1).
Evaluation of the next model (Step 1.2) demonstrated a marked improvement over the initial model (see Table 1 ). When trained with the combined base feature set and the binary advice rules, the model showed improvement over models trained on either feature set alone, though at the cost of missing malignancies. We thus considered value specifications that would help the model better address the clinical objective (Step 2.2). This led us to specify a skewed cost-ratio for FN:FP to suggest that the algorithm prefer to misclassify every benign case before misclassifying a single malignancy. We selected a skew of 50:1 based on the 50 benign cases in the discordant set (Step 2.
2). We again tested the model with cross-validation (Step 3.2).
Review of the new model (Step 1.3) demonstrated an improvement over the previous model, but still misclassified a Upon inspection, this single misclassification was shown to be the result of incorrectly entered features in our reporting software. These kinds of errors should be expected in real-world data, which led us to reconsider our skewed cost-ratio (Step 2.3). Our MDEs suggested a more conservative cost-ratio of 150:1 based not just on counts in the dataset, but on recent work on utility analysis in mammography 14 ( Step 3.3). This led us to our final model, which demonstrated our best performance (see Table 1 ).
Materials and Methods
Our example study included a population of patients that underwent 1,910 consecutive CNB, as a result of a diagnostic mammogram, from Jan 1, 2006 to Dec 31, 2011. A total of 157 biopsies were prospectively given a non-definitive diagnosis at radiologic-histologic correlation conference, and 60 of these were categorized as discordant. Recall that we have chosen to focus on the discordant cases. The mean age of these patients was 55.2 years (range= 25 − 83 years, sd= 12.2), all 60 cases were women, and all underwent excision. As a reference standard for final diagnosis, we use the result of excisional biopsy (within 6 months after CNB) or a registry match (within 1 year after CNB). 50 were confirmed to be benign while 10 (16.7%) were found to be malignant. All mammographic findings were described and recorded using BI-RADS terms by the interpreting radiologist at the time of mammography interpretation using structured reporting software (PenRad R , Minnetonka, MN), which is routinely used in the clinical practice. We derive mammography features and demographic risk factors from the diagnostic mammogram that precedes the biopsy and has an abnormal BI-RADS assessment category. All expert advice rules are translated into binary features that are either included in or excluded from the dataset at training time.
We use 10-fold stratified cross-validation for evaluation, and the Weka 15 software package (version 3.7) to train a Naïve Bayes (NB) model for each fold. Note that NB is known to often accurately predict the most probable label even though its predicted probabilities are not well calibrated. 16 Based on our clinical objective we specify that the cost of misclassifying a malignant case is greater than that of misclassifying a benign case. We show results with a FN:FP cost-ratio of 1:1 and a suggested cost ratio of 150:1 drawn from the literature. 14 For final evaluation of our trained models, we merge the output probabilities on the test portions of all folds. We compare our trained models to the baseline of current standard practice. For comparison, we consider a 2% threshold of predicted malignancy that would hypothetically be used to decide if the patient should go on to excisional biopsy. This threshold has been used previously and is clinically reasonable. 17 The baseline current practice is to excise all discordant cases, so there is no distinction of treatment at any threshold. For each model, we compare the number of malignant cases that would be excised, the number of benign cases that would be excised, the positive predictive value (PPV) of malignancy, and specificity. We use a one-sided, one-sample t-test at the 99% confidence level to compare the specificity of the NB classifier to the baseline specificity of 0.0 (i.e. excision of all cases).
Results
The results produced by our final model are in the rightmost block of Table 1 . This shows the performance of our NB classifier trained on our discordant cases, with a FN:FP cost-ratio of 150:1, and a threshold for excision with model output greater than or equal 0.02. The first column of results shows the baseline performance for comparison, while the subsequent blocks show results when trained on just the data, just the binary advice features, and the two combined, at different cost-ratios. The left block of Table 1 shows results when the cost-ratio is set to 1:1. We do not present results of training on all non-definitive biopsies, but initial experiments showed no significant ability to reduce benign excisions at an output threshold of 0.02.
Conclusion
We present a framework called ABLe for incorporating expert clinical knowledge into machine learning models for decision support. The framework consists of three different categories of advice that are used to iteratively refine model development. We describe ABLe in detail and illustrate its application to an example task. In this example task, we train Naïve Bayes models to estimate the probability of upgrade following a discordant core needle biopsy. We train our models using our base dataset, using just advice-based features, and the two combined. Additionally, we train our models with costs skewed such that misclassifying benign cases is far preferable to misclassifying even a single malignancy. We achieved our best results by applying ABLe to the task. Furthermore, our results suggest that we can significantly reduce the number of truly benign discordant cases that go on to excision without missing a single malignancy. We find these results and the incorporation of expert knowledge very promising, and are actively seeking more data to improve performance and to further validate our methods.
